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Abstract Preliminary evidence supports an association
between OSA and cardiac dysrhythmias. Negative intra-
thoracic pressure, as occurring during OSA, may provoke
cardiac dysrhythmias. Thus, we aimed to study the acute
effects of simulated apnea and hypopnea on arrhythmic
potential and measures of cardiac repolarization [QTC and
Tpeak to Tend intervals (TpTec )] in humans. In 41 healthy
volunteers, ECG was continuously recorded prior, during
and after simulated obstructive hypopnea (inspiration
through a threshold load), simulated apnea (Mueller
maneuver), end-expiratory central apnea and normal
breathing in randomized order. The number of subjects
with premature beats was significantly higher during
inspiration through a threshold load (n = 7), and the Mu-
eller maneuver (n = 7) compared to normal breathing
(n = 0) (p = 0.008 for all comparisons), but not during
end-expiratory central apnea (n = 3, p = 0.125). Inspira-
tion through a threshold load was associated with a non-
significant mean (SD) increase of the QTC interval [?5.4
(22.4) ms, 95 %CI -1.7 to ?12.4 ms, p = 0.168] and a
significant increase of the TpTec interval [?3.7 (8.9) ms,
95 %CI ?0.9 to ?6.6 ms, p = 0.010]. The Mueller
maneuver induced a significant increase of the QTC inter-
val [?8.3 (23.4) ms, 95 %CI 0.9 to ?15.6 ms, p = 0.035]
and the TpTec interval (?4.2 (8.2) ms, 95 %CI ?1.6 to
?6.8 ms, p = 0.002). There were no significant changes of
the QTC and TpTec intervals during central end-expiratory
apnea. These data indicate that simulated obstructive apnea
and hypopnea are associated with an increase of premature
beats and prolongation of QTC and TpTec intervals.
Therefore, negative intrathoracic pressure changes may be
a contributory mechanism for the association between OSA
and cardiac dysrhythmias.
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Abbreviations
AF Atrial fibrillation
Ap End-expiratory central apnea
BMI Body mass index
CI Confidence interval
CPAP Continuous positive airway pressure
ECG Electrocardiogram
iTH Inspiration through inspiratory threshold
MM Mueller maneuver
OSA Obstructive sleep apnea
QT QT interval
QTC Heart rate-corrected QT interval by Bazett’s
formula
SD Standard deviation
SPB Supraventricular premature beats
TpTe Tpeak to Tend interval
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Introduction
Obstructive sleep apnea (OSA) is a highly prevalent sleep-
related breathing disorder affecting up to 30 % of middle-
aged adults in Western countries (Stradling and Crosby
1991; Young et al. 1993). OSA is characterized by repet-
itive interruption of ventilation during sleep caused by
collapse of the upper airway resulting in apnea/hypopnea.
Apnea/hypopnea leads to oxygen desaturations, increased
inspiratory efforts, arousals from sleep and as a conse-
quence to increased daytime sleepiness.
Symptomatic OSA has been shown to be a causal factor
in the pathogenesis of hypertension and proposed as an
independent risk factor for stroke and myocardial ischemia
(Haentjens et al. 2007; Kohler et al. 2008; Marin et al.
2005; Pepperell et al. 2002). There are three major bio-
logical mechanisms underpinning the association between
OSA and vascular disease: (1) intermittent hypoxia leading
to increased oxidative stress, systemic inflammation and
increased sympathetic activity, (2) arousal-induced reflex
sympathetic activation with resultant acute repetitive blood
pressure rises and (3) intrathoracic pressure changes lead-
ing to mechanical wall stresses on the heart and aorta
(Kohler and Stradling 2010; Sto¨whas et al. 2011).
There is preliminary evidence from observational stud-
ies that OSA may be related to cardiac dysrhythmias such
as premature ventricular contractions, second-degree
atrioventricular block, sinus arrest as well as atrial fibril-
lation (AF) (Gami et al. 2004; Guilleminault et al. 1983;
Hoffstein and Mateika 1994; Namtvedt et al. 2011). The
finding that patients with OSA have an increased risk of
sudden cardiac death at night suggests a causal association
between OSA and sudden cardiac death (Gami et al. 2005).
However, as there is no data from randomized interven-
tional trials proving this association and many patients with
OSA also have significant cardiovascular comorbidities, a
controversy remains as to whether OSA is a self-contained
etiologic factor for cardiac dysrhythmias (Somers et al.
2008).
The mechanisms through which OSA may promote
cardiac dysrhythmias are insufficiently understood. Several
mechanisms by which OSA may affect heart rhythm have
been proposed, including intermittent hypoxia, sympathetic
and parasympathetic activation as well as intrathoracic
pressure changes, leading to an increase in ventricular
ectopic activity (Rogers et al. 1973; Shepard et al. 1985).
Recent data from an animal model suggest that excessive
negative intrathoracic pressure, as found during apnea/
hypopnea in patients with OSA, may shorten the atrial
refractory period and thus enhance the inducibility of AF
by single premature beats (Linz et al. 2011).
Currently, there are no data on the physiological effects
of experimentally simulated apnea and hypopnea and
concomitant negative intrathoracic pressure changes on
heart rhythm and indices of heart repolarization in humans.
We have addressed this uncertainty by investigating the
acute effects of simulated apnea and hypopnea on cardiac
arrhythmic potential and ECG-derived measures of trans-
mural dispersion of repolarization in healthy humans.
Methods
Subjects
The study was conducted at the University Hospital of
Zurich, Zurich, Switzerland. Subjects were eligible for the
study if they were between 18 and 75 years old and heal-
thy. Exclusion criteria were a previous diagnosis of OSA,
arterial hypertension, or any cardiac or aortic disease. The
study was approved by the University of Zurich research
ethics committee (EK 1672). Written informed consent was
obtained from all participants.
Measurements
Anthropometrics
Weight, height, neck circumference as well as waist and
hip circumference were measured and body mass index
(BMI) was calculated.
Breathing maneuvers
A total of three breathing maneuvers were performed for
20 s each and compared to a period of normal breathing.
Prior to the measurements, participants were instructed on
the performance of inspiration through an inspiratory
threshold load device, a Mueller maneuver to maintain a
target intrathoracic pressure of -40 mmHg and a voluntary
end-expiratory central apnea.
A nose clip was placed before the maneuvers. To gen-
erate an inspiratory threshold load, a threshold device with
an incorporated negative pressure valve was used
(ThresholdIMT from Respironics, New Jersey, Inc., Par-
sippany, NJ, USA). This device contains an inspiratory
resistance which cannot be overcome unless a threshold
pressure of -30 mmHg is generated at the mouth. For the
Mueller maneuver, an occluded mouthpiece with a small
air leak to prevent complete closure of the glottis was used.
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At the end of resting expiration, inspiration was carried out
against the occluded mouthpiece.
Electrocardiogram (ECG) and blood pressure were
continuously recorded during (1) steady state normal
breathing for 20 s; (2) one continuous inspiration through
an inspiratory threshold load for 20 s; (3) Mueller
maneuver lasting 20 s; (4) end-expiratory apnea (without
respiratory effort) lasting 20 s. Maneuvers were performed
in randomized order with 1 min of rest between each
maneuver, which was long enough to allow blood pressure
and heart rate to return to baseline levels.
Electrocardiography
Participants were asked to abstain from alcohol, tobacco or
caffeine on the day the measurements were taken. Room
temperature and lighting were set at the same level for all
measurements. The participants rested for 5 min in the
supine position before measurements were performed.
For all electrocardiographic recordings, a commercially
available 12-lead ECG (AT 104 PC, Schiller-Reomed AG,
Switzerland) was used and set at 25-mm/s paper speed and
10-mm/mV amplitude. Prior to the measurements, partici-
pants rested for 5 min in the supine position, at the end of
which 20 s of baseline ECG data were obtained. ECG was
then recorded continuously throughout all breathing
maneuvers, and the beginning and end of each maneuver
were manually marked.
All ECGs were analyzed by the same investigator who
was not aware of the order in which the maneuvers had
been performed. The number of ventricular and supra-
ventricular premature beats as well as any other dys-
rhythmia was noted during the baseline resting breathing
period, during the maneuvers and immediately thereafter
according to standard definitions (Crawford et al. 1999).
Supraventricular premature beats were defined by the fol-
lowing characteristics: P wave with aberrant morphology
and/or changed vector and shortened RR or PP interval
compared to the previous heart cycle, usually followed by a
compensatory pause. Ventricular premature beats were
defined as follows: a QRS complex with a duration of
[120 ms, a deformed morphology that does not resemble
usual electric conduction (typically resembling right or left
bundle branch block) and which is followed by a com-
pensatory pause (Crawford et al. 1999, Rodrı´guez-Sotelo
et al. 2009; http://www.americanheart.org).
Measurements of the ECG intervals were performed
using dedicated ECG analysis software (DatInf Measure
2.1d, DatInf GmbH, Tu¨bingen, Germany). For the analysis,
lead V5 was used and when unsuitable, lead II. Indices of
transmural dispersion of repolarization were determined as
follows: QT interval was defined as the time from the
earliest onset of the QRS complex to the point at which the
downward slope of the T wave returned to baseline (Lep-
eschkin and Surawicz 1952), and the Tpeak to Tend interval
(TpTe) as the time from the peak of the T wave to the end of
the T wave. The end of the T wave was defined as the
cutting point of the tangent to the downward slope of the T
wave and the isoelectric line (Perkio¨ma¨ki et al. 1995). The
QT interval and TpTe intervals were corrected for heart rate
using Bazett’s formula (Bazett 1920; Minchole´ et al. 2011).
ECG-interval times were determined from the 10 s pre-
ceding each maneuver, 20 s during the maneuver and 10 s
immediately after the maneuver, and the mean value of the
last two heart cycles of each period was used for further
analysis.
Blood pressure
Non-invasive continuous beat-to beat measurements of
arterial blood pressure was performed in supine position
using a Finapres device (Finometer Midi, Finapres Medical
Systems B.V., Amsterdam, The Netherlands). Changes in
blood pressure during the respiratory maneuvers were
assessed using the mean values of the 10 s immediately
prior (baseline), 20 s during the maneuver as well as the
10 s immediately after termination of the maneuver (post).
Statistical analysis
All values are presented as mean (SD) unless otherwise
stated. All statistical analyses were performed with Stat-
istica V6.0 (StatSoft, Tulsa, OK, USA). Frequencies of
premature beats occurring during normal breathing and
breathing maneuvers were compared by McNemar tests.
The differences in ECG-interval times between baseline,
during the maneuver and post-maneuver were assessed by
ANOVA for repeated measurements with Fisher post hoc
analyses. Statistical significance was assumed at a proba-
bility of p \ 0.05.
Results
Subjects
A total of 41 healthy subjects (17 females) with a mean age
of 30.1 years (range 21–58) were included in the study and
completed the protocol. The baseline characteristics of the
participants are presented in Table 1. The comparison of
subjects with supraventricular premature beats (SPB) and
without SPB during inspiration through a threshold load
device and during the Mueller maneuver is presented in
Table 2.
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Effects of intrathoracic pressure changes on heart
rhythm
The number of subjects with premature beats was signifi-
cantly higher during inspiration through a threshold load
(n = 7, supraventricular 6, ventricular 1) and during the
Mueller maneuver (n = 7, supraventricular 7, ventricular
0) compared to normal breathing (n = 0) (p = 0.008 for
all comparisons), but not during end-expiratory central
apnea (n = 3, supraventricular 2, ventricular 1,
p = 0.125). The number of subjects with premature beats
during the breathing maneuvers is shown in Fig. 1, panel a,
and the total number of observed premature beats is shown
in Fig. 1, panel b. Apart from premature beats, no other
cardiac dysrhythmias and no signs of disturbed cardiac
conduction (such as AV block) were observed. In one
subject (female, baseline heart rate of 50 beats/min, base-
line QTC of 416 ms and baseline TpTec of 73 ms), ven-
tricular premature beats, one during inspiration through a
threshold load and one during end-expiratory central apnea,
were observed.
Effects of intrathoracic pressure changes on ECG
intervals
Inspiration through a threshold load
ECG-interval times prior, during and post-inspiration
through a threshold load are shown in Table 3. During the
maneuver, there was a non-significant increase of the QTC
interval [?5.4 (22.4) ms, 95 % CI -1.7 to ?12.4 ms,
p = 0.168) that reached statistical significance after release
of the maneuver [?14.0 (23.9) ms, 95 % CI ?6.4
to ?21.5 ms, p \ 0.001] compared to prior to the
maneuver. The TpTec interval showed a significant
increase during the maneuver [?3.7 (8.9) ms, 95 % CI
?0.9 to 6.6 ms, p = 0.010] and a trend toward a longer
TpTec interval after release of the maneuver [?2.1
(10.1) ms, 95 % CI -1.1 to ?5.3 ms, p = 0.144] com-
pared to prior to the maneuver.
Mueller maneuver
ECG-interval times prior, during and post-Mueller
maneuver are shown in Table 4. There was a significant
increase of the QTC interval [?8.3 (23.4) ms, 95 % CI
?0.9 to ?15.6 ms, p = 0.035) and TpTec interval [?4.2
(8.2) ms, 95 % CI ?1.6 to ?6.8 ms, p = 0.002) compared
Table 1 Participant characteristics
Subjects (n = 41)
Age (years) 30.1 ± 8.7
Sex (female/male) 17/24
Height (cm) 175.4 ± 8.1
Weight (kg) 70.7 ± 12.9
Body mass index (kg/m2) 22.8 ± 3.2
% Smokers 12.2
Systolic blood pressure (mmHg) 117.8 ± 12.5
Diastolic blood pressure (mmHg) 62.9 ± 6.5
Mean blood pressure (mmHg) 82.9 ± 7.8
Heart rate (beats/min) 66.0 ± 10.4
P wave (ms) 104.9 ± 17.8
PQ time (ms) 159.0 ± 20.8
QRS complex (ms) 90.2 ± 9.4
QT interval (ms) 387.7 ± 24.5
QTC interval (ms)
a 403.8 ± 20.3
Tpeak to Tend (ms) 83.7 ± 7.7
Tpeak to Tend (ms)
a 87.3 ± 8.3
Values are presented as mean ± SD where applicable
a Heart rate corrected
Table 2 Comparison of
subjects with supraventricular
premature beats (SPB) and
without SPB during inspiration
through a threshold load device
and Mueller maneuver
Values are presented as
mean ± SD where applicable
a Heart rate corrected
Subjects (n = 10)
with SPB
Subjects (n = 31)
without SPB
p value
Age (years) 26.9 ± 4.8 31.1 ± 9.4 0.187
Sex (female/male) 4/6 13/18 0.914
Systolic blood pressure (mmHg) 117.4 ± 9.9 117.9 ± 13.4 0.917
Diastolic blood pressure (mmHg) 62.8 ± 7.7 63.0 ± 6.2 0.961
Mean blood pressure (mmHg) 81.5 ± 8.6 83.2 ± 7.6 0.544
Heart rate (beats/min) 64.4 ± 11.1 66.5 ± 10.3 0.557
P wave (ms) 99.8 ± 25.6 106.5 ± 14.6 0.305
PQ time (ms) 151.0 ± 24.9 161.5 ± 19.1 0.177
QRS complex (ms) 92.2 ± 9.6 89.5 ± 9.4 0.443
QT interval (ms) 386.0 ± 28.00 388.2 ± 23.7 0.809
QTC interval (ms)
a 396.9 ± 19.5 406.0 ± 20.3 0.218
Tpeak to Tend (ms) 85.0 ± 10.8 83.2 ± 6.5 0.531
Tpeak to Tend (ms)
a 87.4 ± 9.1 87.2 ± 8.2 0.969
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to prior to the maneuver. This increase of the QTC interval
persisted after release of the maneuver [?8.8 (26.7) ms,
95 % CI ?0.4 to ?17.2 ms, p = 0.024), while the TpTec
interval returned to baseline value [?0.8 (9.6) ms, 95 % CI
-2.19 to ?3.88 ms, p = 0.971].
End-expiratory apnea
ECG-interval times prior, during and post end-expiratory
central apnea are shown in Table 5. There were no statis-
tically significant changes in ECG-interval times during or
after termination of the maneuver.
Discussion
To the best of our knowledge, this is the first study
investigating the effects of simulated apnea and hypopnea
on heart rhythm and ECG measures of cardiac
repolarization in healthy humans. We found that simulated
obstructive apnea and hypopnea were both associated with
a significant increase in supraventricular premature beats as
well as with prolongation of the QT and TpTe intervals.
These findings may provide a possible mechanistic link
between OSA, dysrhythmias and sudden cardiac death.
Obstructive apneas and hypopneas are associated with
repeated inspiratory efforts against the collapsed upper
airways associated with large changes in intrathoracic
pressure, which may be as high as 60 mmHg. During apnea
and hypopnea, the negative intrathoracic pressure exerts a
direct tension on intrathoracic structures such as the heart
and aorta. Cardiac wall stress is additionally augmented by
considerable changes in atrial and ventricular volume
occurring during apnea/hypopnea (Koshino et al. 2010;
Orban et al. 2008; Virolainen et al. 1995).
To assess the effect of intrathoracic pressure changes on
arrhythmic potential and ECG measures of cardiac repo-
larization, we simulated apnea and hypopnea by perform-
ing a Mueller maneuver and an inspiration through an
inspiratory threshold device, respectively. Both maneuvers
have previously been shown to lead to a fall in intrathoracic
pressure as well as to sympathetic activation and hemo-
dynamic changes similar to those occurring in OSA
(Bradley et al. 2001; Somers et al. 1995). The number of
subjects with premature beats (primarily supraventricular)
was significantly higher during simulated apnea and
hypopnea compared to normal breathing, and this was not
observed during voluntary central apnea. These findings
are consistent with data from in vitro experiments on
myocardial tissue showing that acute atrial stretch (similar
to the atrial stretch occurring during apnea/hypopnea)
induces both early and delayed after-depolarizations, which
may trigger premature myocardial contractions (Kamkin
et al. 2000; Nazir and Lab 1996). Recently, Linz et al.
(2011) reported a shortening of right atrial refractory per-
iod and increased susceptibility to premature beats and
atrial fibrillation induced by negative intrathoracic pressure
during obstructive respiratory events in an animal model.
Thus, intrathoracic pressure changes may be an important
mechanism explaining the high prevalence of supra- and
ventricular premature beats and more malignant dysrhyth-
mias found in patients with OSA (Alonso-Ferna´ndez et al.
2005; Mehra et al. 2006).
The QT interval on the surface ECG is the electrocar-
diographic representation of ventricular depolarization and
repolarization. Numerous studies have shown the impor-
tance of QT prolongation as a risk factor for the occurrence
of malignant cardiac dysrhythmia, such as torsade de po-
intes, and of sudden cardiac death (Elming et al. 2002;
Viskin 1999). In addition, Tpeak to Tend (TpTe), the interval
measured from the peak of the T wave to the end of the T
wave, has been shown to be a measure of transmural
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Fig. 1 a The black bars represent the number of subjects with
supraventricular premature beats, and the gray bars represent the
number of subjects with ventricular premature beats during breathing
maneuvers (iTH inspiration through inspiratory threshold, MM
Mueller maneuver, Ap end-expiratory central apnea). Compared to
normal breathing, significantly more subjects had supraventricular
premature beats during breathing maneuvers associated with negative
intrathoracic pressure (iTH, MM). b The black bars represent the total
number of supraventricular premature beats, and the gray bars
represent the total number of subjects with ventricular premature
beats observed during the different breathing maneuvers (iTH
inspiration through inspiratory threshold, MM Mueller maneuver,
Ap end-expiratory central apnea)
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dispersion during repolarization of the left ventricular
myocardium (Antzelevitch 2006; Xia et al. 2005). A pro-
longation of the TpTe interval, indicating enhanced trans-
mural dispersion, is thought to represent increased
vulnerability to the occurrence of early after-depolariza-
tions and consequent tachycardia (Yamaguchi et al. 2003;
Yan and Antzelevitch 1998). In addition, Panikkath et al.
(2011) recently showed that a prolonged TpTe interval in
the resting ECG is independently associated with an
increased risk of sudden cardiac death (SCD). In the cur-
rent study, we found a significant prolongation of the heart
rate-corrected QT interval (QTC) during simulated
obstructive apnea and a trend toward a longer QTC during
simulated obstructive hypopnea. In concordance with the
observed QTC changes, simulated obstructive apnea and
hypopnea were both found to be associated with a pro-
longation of the TpTec interval. These findings support
previous preliminary observations that the QT interval is
prolonged during apnea/hypopnea in patients with OSA,
and continuous positive airway pressure therapy may pre-
vent this (Gillis et al. 1991; Rossi et al. 2012).
In addition to the tension forces induced by intrathoracic
pressure changes, cardiac repolarization may also be
altered by increased sympathetic activation which has
previously been shown to be present in patients with OSA
(Somers et al. 1995) and during experimentally simulated
obstructive apnea (Somers et al. 1993). Thus, increased
sympathetic activation may explain the altered
Table 3 ECG times and blood
pressure during inspiration
through a threshold load
Values are mean ± SD
* p \ 0.05 versus pre-maneuver
 p \ 0.05 maneuver versus
post-maneuver
Pre-maneuver During-maneuver Post-maneuver
MBP (mmHg) 90.28 ± 10.45 82.20 ± 9.77* 85.53 ± 10.90*,
HR (min-1) 69.93 ± 11.71 72.43 ± 12.99 76.74 ± 12.49*,
P (ms) 102.21 ± 14.19 98.71 ± 14.94* 104.11 ± 13.72
PQ (ms) 162.06 ± 20.60 155.37 ± 25.55* 161.88 ± 23.06
QRS (ms) 91.09 ± 12.09 90.63 ± 12.92 90.70 ± 12.17
QT (ms) 387.81 ± 26.41 386.96 ± 29.24 382.85 ± 26.40*,
QTC (ms) 415.40 ± 23.05 420.77 ± 24.49 429.38 ± 26.16*
,
TpTe (ms) 86.27 ± 10.68 88.53 ± 11.51 84.19 ± 11.15

TpTec (ms) 92.82 ± 13.07 96.55 ± 13.95* 94.90 ± 15.72
Table 4 ECG times and blood
pressure during Mueller
maneuver
Values are mean ± SD
* p \ 0.05 versus pre-maneuver
 p \ 0.05 maneuver versus
post-maneuver
Pre-maneuver During-maneuver Post-maneuver
MBP (mmHg) 91.07 ± 9.77 87.87 ± 12.31* 97.02 ± 12.17*,
HR (min-1) 70.39 ± 11.30 72.43 ± 11.53 74.27 ± 10.45*
P (ms) 101.98 ± 14.87 102.13 ± 14.25 104.78 ± 15.94
PQ (ms) 161.99 ± 19.81 160.70 ± 21.20 162.16 ± 20.71
QRS (ms) 91.72 ± 15.01 91.17 ± 13.94 91.82 ± 11.65
QT (ms) 386.37 ± 28.67 389.36 ± 27.83* 383.97 ± 25.56
QTC (ms) 415.91 ± 24.27 424.16 ± 21.05* 424.73 ± 22.56*
TpTe (ms) 86.14 ± 11.23 88.88 ± 9.52* 84.45 ± 10.90

TpTec (ms) 92.88 ± 12.66 97.09 ± 11.76* 93.73 ± 13.94

Table 5 ECG times and blood
pressure during end-expiratory
central apnea
Values are mean ± SD
* p \ 0.05 versus pre-maneuver
 p \ 0.05 maneuver versus
post-maneuver
Pre-maneuver During-maneuver Post-maneuver
MBP (mmHg) 89.92 ± 9.63 90.41 ± 10.05 96.51 ± 10.84*,
HR (min-1) 69.95 ± 11.71 67.91 ± 10.17 68.93 ± 11.47
P (ms) 104.85 ± 14.19 103.07 ± 14.71 100.36 ± 19.43*
PQ (ms) 162.70 ± 20.68 159.98 ± 22.47 160.14 ± 22.08
QRS (ms) 91.95 ± 12.92 91.50 ± 13.74 91.82 ± 14.21
QT (ms) 387.97 ± 29.10 389.50 ± 27.54 388.30 ± 28.17
QTC (ms) 415.25 ± 20.22 411.64 ± 23.39 412.50 ± 27.25
TpTe (ms) 84.34 ± 8.98 84.80 ± 9.38 85.32 ± 8.92
TpTec (ms) 90.48 ± 10.04 89.93 ± 12.07 91.02 ± 11.95
494 Eur J Appl Physiol (2013) 113:489–496
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repolarization during simulated apnea and hypopnea
observed in the current study.
The current study has some limitations. During the
different maneuvers, we did not directly measure the
intrathoracic pressure fluctuations. This is because esti-
mating pressure with an esophageal catheter may induce
reflex cardiorespiratory effects possibly affecting the car-
diac conducting system and thus induce premature beats
(Loomis et al. 1997; Pickering et al. 2002). However, the
subjects were carefully instructed in the correct perfor-
mance of the maneuvers and, as there were substantial and
significant changes in blood pressure and heart rate during
the different maneuvers, we are confident that the maneu-
vers induced the expected intrathoracic pressure changes.
In addition, we measured intrathoracic pressure during the
Mueller maneuver in five subjects using the same tech-
nique and an esophageal catheter in a validation experi-
ment. Intrathoracic pressure decreased by a median of
40 mmHg (IQR 3 mmHg), indicating that the proposed
intrathoracic pressure changes during the Mueller maneu-
ver were achieved in the current study. Furthermore, the
threshold load valve we used generated a sound when the
preset inspiratory threshold had been reached, so that
the intended negative mouth and intrathoracic pressure,
respectively, could be ensured.
One could speculate that patients with OSA react dif-
ferently to experimentally induced intrathoracic pressure
changes, regarding their heart rhythm, due to adaptive
mechanisms or in fact may have more pronounced effects
due to a high frequency of cardiac disease. Studies looking
at the effects of experimentally induced intrathoracic
pressure changes on heart rhythm in patients with OSA will
be needed to clarify this point.
In conclusion, we found that simulated obstructive
apnea and hypopnea are both associated with an increase of
premature beats and a prolongation of the QTC and TpTec
intervals. These findings may provide a possible mecha-
nistic link between OSA, dysrhythmias and sudden cardiac
death. Further data from randomized controlled interven-
tional studies looking at the effect of CPAP on heart
rhythm are needed to define the role of OSA in the path-
ogenesis of cardiac dysrhythmias.
Conflict of interest No conflict of interest, financial or otherwise, is
declared by the authors.
References
Alonso-Ferna´ndez A, Garcı´a-Rı´o F, Racionero MA, Pino JM, Ortun˜o
F, Martı´nez I, Villamor J (2005) Cardiac rhythm disturbances
and ST-segment depression episodes in patients with obstructive
sleep apnea–hypopnea syndrome and its mechanisms. Chest
127:15–22
Antzelevitch C (2006) Cellular basis for the repolarization waves of
the ECG. Ann N Y Acad Sci 1080:268–281
Bazett HC (1920) An analysis of time-relations of electrocardio-
grams. Heart 7:353–357
Bradley TD, Hall MJ, Ando S, Floras JS (2001) Hemodynamic effects
of simulated obstructive apneas in humans with and without
heart failure. Chest 119:1827–1835
Crawford MH, Bernstein SJ, Deedwania PC, DiMarco JP, Ferrick KJ,
Garson A Jr, Green LA, Greene HL, Silka MJ, Stone PH, Tracy
CM, Gibbons RJ, Alpert JS, Eagle KA, Gardner TJ, Gregoratos
G, Russell RO, Ryan TH, Smith SC Jr (1999) ACC/AHA
Guidelines for ambulatory electrocardiography. A report of the
American College of Cardiology/American Heart Association
Task Force on Practice Guidelines (Committee to revise the
guidelines for ambulatory electrocardiography). Developed in
collaboration with the North American Society for Pacing and
Electrophysiology. J Am Coll Cardiol 34:912–948
Elming H, Brendorp B, Køber L, Sahebzadah N, Torp-Petersen C
(2002) QTC interval in the assessment of cardiac risk. Card
Electrophysiol Rev 6:289–294
Gami AS, Pressman G, Caples SM, Kanagala R, Gard JJ, Davison
DE, Malouf JF, Ammash NM, Friedman PA, Somers VK (2004)
Association of atrial fibrillation and obstructive sleep apnea.
Circulation 110:364–367
Gami AS, Howard ED, Olson EJ, Somers VK (2005) Day–night
pattern of sudden death in obstructive sleep apnea. N Engl J Med
352:1206–1214
Gillis MA, Stoohs R, Guilleminault C (1991) Changes in the QT
interval during obstructive sleep apnea. Sleep 14:346–350
Guilleminault C, Connolly SJ, Winkle RA (1983) Cardiac arrhythmia
and conduction disturbances during sleep in 400 patients with
sleep apnea syndrome. Am J Cardiol 52:490–493
Haentjens P, Van Meerhaeghe A, Moscariello A, De Weerdt S, Poppe
K, Dupont A, Velkeniers B (2007) The impact of continuous
positive airway pressure on blood pressure in patients with
obstructive sleep apnea syndrome: evidence from a meta-
analysis of placebo-controlled randomized trials. Arch Intern
Med 167:757–764
Hoffstein V, Mateika S (1994) Cardiac arrhythmias, snoring, and
sleep apnea. Chest 106:466–471
Kamkin A, Kiseleva I, Wagner KD, Leiterer KP, Theres H, Scholz H,
Gu¨nther J, Lab MJ (2000) Mechano-electric feedback in right
atrium after left ventricular infarction in rats. J Mol Cell Cardiol
32:465–477
Kohler M, Stradling JR (2010) Mechanisms of vascular damage in
obstructive sleep apnea. Nat Rev Cardiol 7:677–685
Kohler M, Pepperell JCT, Casadei B, Craig S, Crosthwaite N,
Stradling JR, Davies RJO (2008) CPAP and measures of
cardiovascular risk in males with OSAS. Eur Respir J
32:1488–1496
Koshino Y, Villarraga HR, Orban M, Bruce CJ, Pressman GS,
Leinveber P, Saleh HK, Konecny T, Kara T, Somers VK, Lopez-
Jimenez F (2010) Changes in left and right ventricular mechan-
ics during the Mueller maneuver in healthy adults: a possible
mechanism for abnormal cardiac function in patients with
obstructive sleep apnea. Circ Cardiovasc Imaging 3:282–289
Lepeschkin E, Surawicz B (1952) The measurement of the Q-T
interval of the electrocardiogram. Circulation 6:378–388
Linz D, Schotten U, Neuberger HR, Bo¨hm M, Wirth K (2011)
Negative tracheal pressure during obstructive respiratory events
promotes atrial fibrillation by vagal activation. Heart Rhythm
8:1436–1443
Loomis CW, Yao D, Bieger D (1997) Characterization of an
esophagocardiovascular reflex in the rat. Am J Physiol
272:1783–1791
Eur J Appl Physiol (2013) 113:489–496 495
123
Marin JM, Carrizo SJ, Vicente E, Agusti AG (2005) Long-term
cardiovascular outcomes in men with obstructive sleep apnoea–
hypopnoea with or without treatment with continuous positive
airway pressure: an observational study. Lancet 365:1046–1053
Mehra R, Benjamin EJ, Shahar E, Gottlieb DJ, Nawabit R, Kirchner
HL, Sahadevan J, Redline S (2006) Sleep Heart Health Study.
Association of nocturnal arrhythmias with sleep-disordered
breathing: the Sleep Heart Health Study. Am J Respir Crit Care
Med 173:910–916
Minchole´ A, Pueyo E, Rodrı´guez JF, Zacur E, Doblare´ M, Laguna P
(2011) Quantification of restitution dispersion from the dynamic
changes of the T-wave peak to end, measured at the surface
ECG. IEEE Trans Biomed Eng 58:1172–1182
Namtvedt SK, Randby A, Einvik G, Hrubos-Strøm H, Somers VK,
Røsjø H, Omland T (2011) Cardiac arrhythmias in obstructive
sleep apnea (from the Akershus Sleep Apnea Project). Am J
Cardiol 108:1141–1146
Nazir SA, Lab MJ (1996) Mechanoelectric feedback in the atrium of
the isolated guinea-pig heart. Cardiovasc Res 32:112–119
Orban M, Bruce CJ, Pressman GS, Leinveber P, Romero-Corral A,
Korinek J, Konecny T, Villarraga HR, Kara T, Caples SM,
Somers VK (2008) Dynamic changes of left ventricular perfor-
mance and left atrial volume induced by the Mueller maneuver
in healthy young adults and implications for obstructive sleep
apnea, atrial fibrillation and heart failure. Am J Cardiol
102:1557–1561
Panikkath R, Reinier K, Uy-Evanado A, Teodorescu C, Hattenhauer
J, Mariani R, Gunson K, Jui J, Chugh SS (2011) Prolonged
Tpeak to Tend interval on the resting electrocardiogram is
associated with increased risk of sudden cardiac death. Circ
Arrhythm Electrophysiol 4:441–447
Pepperell JCT, Ramdassingh-Dow S, Crosthwaite N, Mullins R,
Jenkinson C, Stradling JR, Davies RJO (2002) Ambulatory
blood pressure after therapeutic and subtherapeutic nasal
continuous positive airway pressure for obstructive sleep apnoea:
a randomised parallel trial. Lancet 359:204–210
Perkio¨ma¨ki JS, Koistinen MJ, Yli-Ma¨yry S, Huikuri HV (1995)
Dispersion of QT interval in patients with and without suscep-
tibility to ventricular tachyarrhythmias after previous myocardial
infarction. J Am Coll Cardiol 26:174–179
Pickering M, Campion D, Jones JF (2002) Reflex cardiorespiratory
effects of nociceptive oesophageal distension in the decerebrate
rat. Exp Physiol 87:41–48
Rodrı´guez-Sotelo JL, Cuesta-Frau D, Castellanos-Dominguez G
(2009) Unsupervised classification of atrial heartbeats using a
prematurity index and wave morphology features. Med Biol Eng
Comput 47:731–741
Rogers RM, Spear JF, Moore EN (1973) Vulnerability of canine
ventricle to fibrillation during hypoxia and respiratory acidosis.
Chest 63:986–994
Rossi VA, Stoewhas AC, Camen G, Steffel J, Bloch KE, Stradling JR,
Kohler M (2012) The effects of CPAP therapy withdrawal on
cardiac repolarisation: data from a randomised controlled trial.
Eur Heart J (in Press)
Shepard JW, Garrison MW, Grither DA (1985) Relationship of
ventricular ectopy to nocturnal oxygen desaturation in patients
with chronic obstructive pulmonary disease. Am J Med 78:28–34
Somers VK, Dyken ME, Skinner JL (1993) Autonomic and hemo-
dynamic responses and interactions during the Mueller maneuver
in humans. J Auton Nerv Syst 44:253–259
Somers VK, Dyken ME, Clary MP, Abboud FM (1995) Sympathetic
neural mechanisms in obstructive sleep apnea. J Clin Invest
96:1897–1904
Somers VK, White DP, Amin R, Abraham WT, Costa F, Culebras A,
Daniels S, Floras JS, Hunt CE, Olson LJ, Pickering TG, Russell
R, Woo M, Young T (2008) American Heart Association
Council for High Blood Pressure Research Professional Educa-
tion Committee, Council on Clinical Cardiology; American
Heart Association Stroke Council; American Heart Association
Council on Cardiovascular Nursing; American College of
Cardiology Foundation (2008) Sleep Apnea and Cardiovascular
Disease. Circulation 118:1080–1111
Sto¨whas AC, Namdar M, Biaggi P, Russi EW, Bloch KE, Stradling
JR, Kohler M (2011) The effect of simulated obstructive apnea
and hypopnea on aortic diameter and BP. Chest 140:675–680
Stradling JR, Crosby JH (1991) Predictors and prevalence of
obstructive sleep apnoea and snoring in 1001 middle aged
men. Thorax 46:85–90
Virolainen J, Ventila¨ M, Turto H, Kupari M (1995) Effect of negative
intrathoracic pressure on left ventricular pressure dynamics and
relaxation. J Appl Physiol 79:455–460
Viskin S (1999) Long QT syndromes and torsade de pointes. Lancet
354:1625–1633
Xia Y, Liang Y, Kongstad O, Holm M, Olsson B, Yuan S (2005)
Tpeak–Tend interval as an index of global dispersion of
ventricular repolarization: evaluation using monophasic action
potential mapping of the epi- and endocardium in swine. J Interv
Card Electrophysiol 14:79–87
Yamaguchi M, Shimizu M, Ino H, Terai H, Uchiyama K, Oe K,
Mabuchi T, Konno T, Kaneda T, Mabuchi H (2003) T wave
peak-to-end interval and QT dispersion in acquired long QT
syndrome: a new index for arrhythmogenicity. Clin Sci
105:671–676
Yan GX, Antzelevitch C (1998) Cellular basis for the normal t wave
and the electrocardiographic manifestations of the long-QT
syndrome. Circulation 98:1928–1936
Young T, Palta M, Dempsey J, Skatrud J, Weber S, Badr S (1993)
The occurrence of sleep-disordered breathing among middle-
aged adults. N Engl J Med 328:1230–1235
496 Eur J Appl Physiol (2013) 113:489–496
123
